Multichannel microwave components are widely used and the active phased array antenna is a typical representative. The high power generated from T/R modules in active phased array antenna (APAA) leads to the degradation of its electrical performances, which seriously restricts the development of high-performance APAA. Therefore, to meet the demand of thermal design for APAA, a multiobjective optimization design model of cold plate is proposed. Furthermore, in order to achieve temperature uniformity and case temperature restrictions of APAA simultaneously, optimization model of channel structure is developed. Besides, an airborne active phased array antenna was tested as an example to verify the validity of the optimization model. The valuable results provide important reference for engineers to enhance thermal design technology of antennas.
Introduction
Multichannel digital microwave components are widely used in many airborne systems. Since the airborne equipment usually works in a harsh environment, the structural size and weight of the microwave component with vibration resistance and temperature uniformity should be treated carefully. Active phased array antenna (APAA), which is made up of thousands of T/R components, is typical of the multichannel microwave component application. Because of high reliability, multifunction, far detection, tracking capability, and good stealth properties, APAA has been widely used in various radar systems [1] [2] [3] . The APAA contains large numbers of heating devices, including the temperaturesensitive Transmitter and Receiver (T/R) components. The control accuracy of array phase is severely affected by the nonuniform distribution of temperature. Meanwhile, the radiation pattern of the element is greatly changed due to the thermal deformation. Then, the performance of the antenna would degrade from bad to worse [4] [5] [6] . Therefore, a high efficiency cooling system of APAA is required.
At present, the efficiency of the power amplifier in the many kinds of T/R module is always maintained at 30%, and the remaining 70% radiation energy of the power amplifier is directly converted into heat [7] . Therefore, Scott, the closed air cycle cooling and liquid cooling (water/glycol as coolant) combination of Sampson MFR radar heat dissipation design, has effective dissipation of about 30 Kw/m 2 heat level, which can ensure the array surface temperature to maintain reliable operation range [8] . USA AN/FPS-115 "PAVE PAWS" Radar uses liquid cooling and air cooling mode of combining. When the radar works under high temperature environment, the cooling system operates in the main cooling way: liquid cooling; when fault occurs in the primary cooling system, it starts the auxiliary cooling system: air cooling [9] . Zhang et al. proposed a method for active phased array antenna with baffles S-type cold to avoid heat concentration while increasing the heat transfer area [10] , but not for the cold plate structure optimization. The microchannel heat sink of air cooling is used in certain avionics, and the operation performance of the microchannel heat sink is studied [11] . But the influence of the rib height, rib width, and other structures on the thermal performance of the microchannel heat sink is not analyzed. Agrawal et al. studied the simulation of the heat sink and the thermal field distribution of the shipboard active phased array antenna [12] , but there is no subsequent optimization analysis carried out to enhance the cooling performance for airborne antenna. In this paper, the cold plate cooling system with multiobjective optimization design is discussed to meet the antenna surface temperature uniformity, the electronic device case temperature limit, and other requirements for APAA. Taking an active phased array antenna as an example, cold plate cooling performance verified the validity of the optimization model. The results and conclusions can provide some theoretical guidance to electronic equipment thermal design.
Cold Plate Structural Optimization of APAA

Optimization Model.
Active phased array antenna cooling is mainly through cold plate, for its high efficiency and easy maintenance in cooling the APAA plates. Generally, the cold plate structure is a single plate-fin heat exchanger with heating elements mounted on the surface or bottom of the cold plate. As a result, the variables are geometry and topology shape of the flow channel in terms of the design of the structure of cold plate. The variables are = ( 1 , 2 , . . . , , . . .), = 1, 2, 3, . . .. The optimization of the cold plate is divided into two: first the design variables meeting the basic requirement of the thermal design of APAA and second the design variables meeting the requirement of thermal design of APAA. Thereby, it can make the contribution of the design variables to the thermal design clear. Besides, it has the benefit of highlighting the goal of design, while reducing the workload. The main objectives of APAA cold plate cooling structure are as follows.
(1) The Limitations of the Maximum Temperature of T/R
Module. T/R module is the core in the realization of APAA's electrical properties and the power amplifier (HPA) is the main heating device. To ensure the reliability of the T/R module, the junction temperature of HPA should be below the permissible value. Currently, the main basic material for HPA device in T/R module is gallium arsenide (GaAs), the junction temperature of which should not be above 150 ∘ C. The case temperature of HPA device is 70 ∘ C, calculated by the equation = max − max , taking into consideration the inner resistance ( ∘ C/W) and the maximum power consumption max (W) as the thermal parameters of GaAs. 
where ( ∘ C) is the solid temperature; ( ∘ C) is the fluid inlet temperature; ( ∘ C) is the fluid outlet temperature.
(4) The Thermal Performance of APAA Cold Plate. The temperature of the heat source transfers through heat conduction, due to the fact that APAA cold plate is in direct contact with the heat source. Therefore, the heat conductivity of the cold plate should also be included as important parameters in measuring its cooling capacity. Figure 1 is the analysis of the heat conductivity of cold plate in the form of rectangular channel and circular flow channel. For rectangular channel, according to Fourier's law, the following can be obtained:
For circular channel cold plate, the temperature distribution of the rib plate is simplified to one-dimensional heat conduction, according to the Fourier law: where is the total heat exchange rate of the half rib, is the length of the flow channel, is the heat conduction coefficient, and Δ is the semirib high thermal temperature difference.
Contrasting Rectangular Channel. It is formulated as follows:
The thermal conductivity of cold plate is related to the flow height, the thickness, and the width of the rib. To sum up, the thermal design requirements of APAA are combined with the linear weighting method and the objective programming method. The structure optimization model of APAA cold plate is established:
Find:
= ( 1 , 2 , 3 , . . . , , . . .) , = 1, 2, 3, . . .
where max is the maximum temperature allowed for antenna array, Δ is the temperature difference allowed for antenna array, Δ is the allowed pressure drop,
Optimization Method.
ISIGHT software is used to achieve the APAA cold plate heat dissipation model, that is, the establishment of multipurpose optimization mathematical model through the integration of software by the integration of CAD and CAE software through ISIGHT. ISIGHT has integrated a variety of optimization methods, including (1) the method of numerical optimization, which is suitable for the design space as a single peak value, when the space is a convex and continuous space; (2) the method of search optimization exploring, which can avoid the local optimal solution, while searching for the global optimal value in the whole design space; (3) the method of expert system optimization, which can directly affect the optimization solution of the parameters [13] . The classification and characteristics of the three methods are shown in Table 1 .
Simulation Results and Discussion
X-band airborne active phased array antenna is composed of radiating element, T/R module, cold plate antenna, and antenna frame, the antenna radiation using cold plate cooling mode. A linear array model is selected as the example for the airborne active phased array antenna. As shown in Figure 2 , an S-type flow channel is applied to the cold plate of the linear array model. Using ANSYS/FLOTRAN for linear array model for thermal analysis, linear array structure finite element model and flow channel finite element model are shown in Figure 3 .
Through the analysis, the internal pressure drop distribution and flow velocity distribution of the outlet channel are shown in Figure 4 . It can be seen that the pressure drop is 7570 Pa, the maximum flow rate is 3.29 m/s, and the range of flow velocity is located at the corner of S. The increase of flow rate can accelerate the flow of liquid from the laminar state into the turbulent state. The convective heat transfer performance of the liquid can be improved, and the temperature field distribution of the antenna is calculated. The results are shown in Figures 5 and 6 .
From the result obtained, the HPA chip maximum case temperature is 77.85 ∘ C, with chip temperature range at about 15 ∘ C, and the temperature distribution does not meet the HPA chip shell of the highest temperature of 70 ∘ C requirements and chip temperature requirements. In addition, from Figure 6 , the temperature difference between the four groups of T/R components is greater than 10 ∘ C, so the cooling effect of the runner model does not meet the requirements of APAA thermal design, the flow structure is optimized, and the shape of the S channel is changed (shown in Figure 7 ). According to the optimization of the APAA cold plate flow channel in Section 2.1, the structure of the flow channel is optimized. And the design variables mainly include the position of the cooling plate 1 : , the length of the cooling plate 2 : length, the radius of the curve in the channel 3 : 1 , inner radius of lower turn 4 : 1 , distance between corners 5 : length, and the inlet width of the channel 6 , considering the pressure strength of cold plate, so the height of the flow channel is fixed. In the ISIGHT optimization process, the NLPQL method is used to solve the optimization problem, and the accuracy is 10 − 3, and the computer configuration was Pentium5 Dual-Core CPU E6600 at 3.06 GHz and 3.07 GHz, with 2 G of RAM, the calculated use time is 2 h and 26 min.
Optimizations of APAA cold plate cooling design parameters and initial design parameters were compared, as shown in Table 2 ; it can be seen that, after optimization, optimization objective function improved by 12%. And through simulation analysis of temperature field, temperature of the linear array antenna T/R module is reduced to 11 ∘ C, and the maximum case temperature of the HPA chip is reduced to 72 ∘ C, in contrast to the initial flow design, which basically meets the thermal design requirements of APAA cold plate cooling. 
Conclusions
The optimization analysis of APAA cool plate was made in detail. To meet the high cooling property, the size of the cold plate structure is selected as the design variable; to decrease antenna array maximum temperature, temperature uniformity is also chosen as the constraint condition; to improve antenna design combined with cold plate thermal conductivity and heat transfer performance, the optimization model is developed ultimately. The application of this optimization model to the X-band airborne active phased array antenna is made with many valuable results. The maximum temperature of HPA chip is reduced from 77.85 ∘ C to 72 ∘ C, and the temperature difference among the T/R modules is also decreased from 15 ∘ C to 11 ∘ C. Therefore, the structure optimization of cold plate can effectively improve the cooling performance, which provides a theoretical reference for improving the performance of microwave components and also provides a reference for the thermal design of electronic equipment.
